Objective: The purpose of this study was to assess and compare the shear bond strength of a veneer composite resin bonded to cobalt-chromium (CoCr) dental alloys produced by different techniques. Material-Method: Ninety cylindrical specimens (10mm in diameter, 8mm in height) made of CoCr dental alloys were prepared by conventional casting technique (C), milling (M), LaserCUSING with and without annealing (CL+, CL), and direct metal laser sintering (DMLS) with and without annealing (EL+, EL). Veneer composite cylinders (5mm in diameter, 3mm in height) were built on metal specimens using a silicone jig. After storage in water for 24 hours, the specimens were assessed for bond strength with a shear force test at a crosshead speed of 0.5 mm/min. The shear bond strengths (SBSs) were statistically analyzed using the Kolmogorow-Smirnow test and Tukey-HSD multiple comparison test (α=.05). Results: When the SBS values of the groups were compared, significant differences were found among the groups (P<.05). While statistically significant differences were found between the CL+ group (9.36±2.62) and the M group (13.34±2.53) (P<.05), there were no significant differences among the others (P>.05). The debonded surfaces of the specimens exhibited mostly mixed type of failures. Conclusions: The CoCr alloy fabrication technique has an effect on the SBSs between the veneer composite resin and the metal used. LaserCUSING casting, a new technology, seems to have the lowest metal-resin bond strength among all the techniques tested. Keywords: Cobalt-chromium alloys, direct metal laser sintering, milling, shear bond strength.
Introduction
Cobalt-chromium (CoCr) dental alloys have been widely used in prosthodontics because of their superior mechanical properties and lower cost (1) . Manufacturing CoCr dental alloy substructures has been getting progressively easier with the aid of digitalized technologies called computer-aided design/computer-aided manufacturing (CAD/CAM) systems. CAD/CAM technology can be differentiated into subtractive manufacturing, such as milling, and additive manufacturing, such as the recently developed laser sintering (2) . The use of additive manufacturing began after the development of rapid prototyping (RP) in 1980 (3) . Common RP technologies used in dentistry are selective laser sintering (SLS), selective laser melting (SLM), 3D printing (3DP), stereolithography (SLA), and fused deposition modelling (FDM) (2) (3) (4) . SLS systems involve the incomplete sintering of powder particles in particular regions based on the extent of energy per unit area that the irradiating laser provides (3) . Through SLM, it is possible to fully melt the metal powder without a great deal of retained porosity, creating objects with almost complete density and intricate structures (7) . Nowadays, direct metal laser sintering (DMLS) and SLM are generally used for the fabrication of metal substructures in prosthodontics. DMLS is an SLS system that uses laser sintering of a metal powder in which the metal parts are obtained directly in the building process (4) . The fundamental principle of LaserCUSING technology involves the combination of single-component metallic powder materials by means of a laser. This technique is similar to SLM and permits the layer-by-layer formation of components using nearly all metallic substances. Here, metallic powder is completely integrated layer-by-layer to generate a component density of 100% (5) . When metal substructures are manufactured with sintering techniques, a heat treatment process called "annealing" is performed to shift the material into a state of equilibrium (6) (7) (8) . This process consists of heating an object over a critical temperature, keeping it at a constant temperature, and then bringing the temperature down (8) . Basically, annealing improves an object's ductility, provides rapid relief of internal stress, makes the material softer, and makes the structure homogenous (6) (7) (8) .
Composite resin veneered metal substructures have been used extensively in such restorations as crowns and too long fixed dental prostheses as well as in removable prostheses and implant supported hybrid prostheses (9, 10) . Ease of fabrication and repairs, similarity of wear resistance to natural teeth, and cost effectiveness make metal-resin restorations more advantageous than metal-ceramic restorations. In addition, a new generation of veneer composites and adhesive systems make them extremely popular in prosthetic dentistry (11) . The clinical application of metal-resin restorations necessitates a strong and a durable resin to metal bond. Metalresin bonding durability is an important criterion for choosing the type of veneer composite, bonding system, and technique used in these restorations (12) . Many studies have evaluated the effects of various composite veneering materials, different surface treatments, and different adhesive primers on metalresin bonding durability (13) (14) (15) (16) (17) . However, there is little or no information about the effects of different manufacturing techniques on metal substructures to metal-resin bonding. Muratomi et al. evaluated and compared the bond strengths between veneer composite and CoCr alloys with and without retentive devices manufactured by casting and laser sintering. According to their laser-sintered CoCr alloy with retentive devices supplied better retention durability for compositeveneered restorations (18) . The present study seeks to assess how the annealing process affects the shear bond strength (SBS) amongst veneer composite resin and CoCr alloys produced by RP technologies and to assess the bond abilities of CoCr dental alloys fabricated with different techniques. The following null hypotheses were developed: 1) the fabrication method would have no effect on the metal-resin bond ability; 2) the annealing process would have no effect on the metal-resin bond ability. Table 1 lists the CoCr dental alloys used in this study. A total of 90 metal cylindrical specimens (10 mm in diameter, 8 mm in height) (n=15 per group) were prepared for six experimental groups as follows: Casting group (group C): For this group, 15 specimens were fabricated using the lost-wax casting technique. Standardization was obtained by utilizing a teflon mold for developing the cast objects with a low shrinkage modelling resin (GC Patern resin; GC America Inc., IL, USA). After the preparation of these resin samples, they were invested with a phosphate-bonded investment (Wirovest; Bego, Bremen, Germany). To fabricate the specimens, a casting machine that had induction heating (INF 2010; Mikrotek Dental, Ankara, Turkey) was used according to the manufacturer's instructions. Milling group (group M): The milling method was used to fabricate 15 specimens for this group. A CAD program (DWOS software package; Dental Wings Gmbh, Chemnitz, Germany) was used to develop the cylindrical milling samples, and a milling machine (D15; Yenadent Ltd., Istanbul, Turkey) was used to process the hard-milling CoCr blocks (CopraBond K) according to the manufacturer's instructions. Table 1 . Manufacturer, composition and fabrication process of materials used in this study (EOS M 100; EOS GmbH, Munich, Germany) was used to fabricate 30 samples for groups EL and EL+. Cylindrical sample designs were prepared using CAD (DWOS software package; Dental Wings Gmbh), and were changed into STereoLithography (STL) files, which were then transferred to the EOS M100. The standard specifications for the DMLS technique are suggested by the manufacturer: a scan speed of 7 m/s, lamination thickness of 30 μm, focus diameter of 40 μm, and Yb-fiber laser power of 200W. The metal powder had a particle size of 20 μm.
Material-Methods

Fabrication of metal specimens
DMLS groups (groups EL and EL+): DMLS equipment
The annealing process was carried out on 50% of the specimens to relieve stress; this formed the EL+ group. The recommendations of the metal powder manufacturer (EOS CobaltChrome SP2) were followed for the annealing procedure. The furnace (XD 1600A; Zhengzhou Brother Furnace Co., Ltd., Henan, China) was heated under an argon atmosphere to a temperature of 450°C over 60 minutes. This temperature was maintained for 45 minutes. The furnace temperature was then increased to 750°C over 45 minutes, and this temperature was kept constant for 60 minutes. After these procedures, no more heat was applied. Once the temperature had fallen to around 300°C, the annealing process was carried out.
LaserCUSING groups (groups CL and CL+):
Thirty specimens were fabricated with the LaserCUSING system (Concept Mlab; Concept Laser GmbH, Lichtenfels, Germany). The same 3D model of the files of cylindrical specimens used for the DMLS groups were transmitted to the Concept MLab cusing. The manufacturer's guidelines were used to perform LaserCUSING: a scan speed of 7 m/s, focus diameter of 40 μm, lamination thickness of 25 μm, and Yb-fiber laser power of 100W. Half of the specimens were subjected to the annealing process to relieve stress (group CL+). The heat treatment for annealing was performed under an argon atmosphere according to the instructions of the manufacturer of the metal powder (Remanium® star CL). The specimens were heated at a rate of 400°C/hour to 1150°C and held at this temperature for 1 hour. Then the components were allowed to cool to 300°C in the furnace (XD 1600A; Zhengzhou Brother Furnace Co., Ltd.).
Preparation of metal specimens for bonding to the composites
Prior to the bonding application of the resin material, all metal specimens were sandblasted with 110 µm Al2O3 particles (Basic Classic; Renfert GmbH, Hilzingen, Germany) with a pressure of 0.4 MPa applied for 15 seconds at a distance of 10-15 mm. The specimens underwent ultrasonic cleaning in isopropyl alcohol for 5 minutes, followed by steam cleaning. After the specimens were dried using an oil-free air stream, metal primer (Metal Photo Primer, Shofu Inc., Kyoto, Japan) was applied and allowed to react for 2 minutes.
Veneering the metal specimens
A piece of masking tape with a circular hole (5 mm diameter) was positioned at the center of each CoCr alloy specimen to demarcate the bonding area. The first opaque layer (Universal Opaque, Shofu Inc., Kyoto, Japan) was applied and light- cured for 1 minute using a laboratory light curing unit (Photopol Light, Dentalfarm, Torino, Italy), then the second layer was applied and light-cured for 3 minutes. A teflon mold cylinder with an internal diameter of 5 mm that demarcated the opaque surface of the alloy was used for applying the veneering resin (Solidex, Shofu Inc., Kyoto, Japan) layer by layer. The resin composite veneer was applied in cylindrical forms (5mm in diameter and 3mm in height) onto the metal specimens using a layering technique, and each layer was light-cured for 3 minutes using a laboratory light curing unit.
Shear force test
The specimens were separately included in mounting resin molds (internal diameter of 25mm and height of 20mm) using a custom-made female arrangement. A universal testing instrument (AGS X; Shimadzu Corp., Kyoto, Japan) was used to conduct the SBS test. Figure 1 is a schematic illustration of the bonded specimen for the SBS test. The specimens were set onto the testing device by means of a custom-made holder and loaded at 0.5mm/min with a standard notched cross-head.
The SBS values were calculated in megapascals.
Statistical and Failure Mode Analysis
Six specimens were randomly chosen from each group and their metal surfaces were examined under a fieldemission scanning electron microscope (SEM) (Evo L10; Zeiss, Germany) before and after sandblasting; SEM photomicrographs were taken at x500 and x1000 magnifications for visual inspection. After the SBS test, the specimen surfaces were examined under a stereomicroscope (Leica MZ12.5; Meyer Ins., Houston, Tex., USA) at x20 magnification to classify the failure modes into three types: adhesive, cohesive, and mixed failure.
The SBS values were statistically analyzed using a statistical software package (SPSS V22.0; SPSS Inc., Chicago, USA). Variance analysis (Kolmogorov-Smirnov) and the Tukey-HSD multiple comparison test were used for analysis and α = .05 was selected as the error rate.
Results
The statistical results of SBS testing were summarized in Table  2 and Figure 2 . Comparison indicated significant variations among the SBS values of the various groups (P<.05). The SBS test results showed that the different methods used to fabricate the CoCr dental alloys had significant effects on their bond strengths (P<.05).
When the SBS values of groups were compared to each other, significant differences were noted between the M (13.34±2.53) and CL+ (9.36±2.62) (P<.05) groups. However, there were no significant differences among the other groups (P>.05). The SBS test results also showed that the annealing process had a considerable effect on the bond strength of the LaserCUSING groups (P<.05). The SEM images of the surfaces of the metal specimens belonging to the C, M, EL+, and CL+ groups before and after sandblasting were represented in Figure 3 .
Regarding the failure types, most of the groups presented a predominance of mixed failures: adhesive failure between the metal and resin and cohesive failure in the veneering resin.
Only the EL group showed a predominance of the adhesive failure type (60%). The cohesive failure was seen only in the C, M, and CL+ groups and each group showed 1 or 2 cohesive failures.
Discussion
In the results of the present study, the milling technique showed higher SBS values between the CoCr alloy and the resin composite veneer than for the other fabrication techniques. However, the results showed statistically significant differences only between the LaserCUSING with annealing process and the milling techniques. Therefore, we rejected the null hypotheses that the fabrication technique and the annealing procedure for the CoCr alloys would have no effect on the metal-resin bond strength. Sunitha et al. evaluated and compared the bond strengths of three composite resin veneering materials (SR Adoro, Targis, Tescera) to metal, cured by different methods. According to their study, curing methods using light, heat, and pressure showed the highest bond strengths in all techniques (19) . On the other hand, Petridis et al. revealed that Artglass, a composite veneer that uses a light curing method, showed statistically similar bond strengths to metal-ceramic bonding (20) . In the present study, a composite veneer fabricated with a light curing method (Solidex, Shofu) was used to minimize the effects of laboratory procedures on metal-resin bonding strength. Actually, many studies have shown that metalresin bonding is generally affected by surface treatments of the bonding area and adhesive systems (13) (14) (15) (16) (17) . To enhance metal-resin bonding, retention beads are frequently used and are suggested in metal-resin restorations, but macromechanical retention devices have many disadvantages, such as causing an overcontoured resin veneered restoration or an unpleasing esthetic result caused by reverberating of the retention beads under the composite veneer (13, 16, 18) . In this study, no macro-mechanical retention devices were used because the aim of this study was to assess and compare showed that metal substructures with retention devices fabricated by laser sintering (DMLS) had higher SBS values than those fabricated by casting, while there were no statistical differences between the two techniques when the metal specimens were prepared without retention devices (18) . Similar to the results of the present study, there were no significant differences between the casting and the DMLS groups. Generally, SBS tests are used for evaluating bonding strengths in in-vitro studies, as the shear forces simulate the occlusal contact forces in the masticatory system (13) (14) (15) (16) (17) ; (20) (21) (22) . As previous studies have revealed, the surface characteristics of the bonding area affects the SBS values (14) (15) (16) (17) . In this study, when comparing the SEM images that were taken before sandblasting, a distinct difference could be seen between the surface characteristics of the milling group and the laser sintering groups (Figs. 3C, 3E , and 3G). While the specimen from the milling group was smooth, regular, and had a few cracks on the surface of the bonding area (Fig. 3C ), LaserCUSING and DMLS specimens had scratched surfaces with cracks (Figs. 3E and 3G) because of the additive layering fabrication technique. However, the SEM images taken after sandblasting showed no distinct differences among all the groups (Figs. 3B, 3D , 3F, and 3H). Although the sandblasted specimens from all groups had similar SEM images, there were statistically significant variations in SBS values between the milling and LaserCUSING with the annealing process groups. These results could be related to the effect of the fabrication technique on the mechanical properties of CoCr dental alloys (23, 24) . Al Jabbari et al. revealed that the microstructure and hardness of CoCr dental alloys are dependent on the fabrication technique employed and showed that higher hardness was observed in CoCr alloys fabricated by laser sintering than with alloys fabricated by casting and milling techniques (24) . Therefore, in the present study, the milling groups' metal specimens must have been more affected by the surface treatment of sandblasting with 110 µm Al2O3 particles than the specimens made using LaserCUSING in the annealing group. LaserCUSING is a new technology based on the combination of single-component metallic powder materials by means of a laser (5) . The present study also revealed that metal-resin bonding was affected by the application of an annealing process after manufacturing CoCr alloys using laser sintering. This is evidenced by the fact that while the LaserCUSING group without annealing showed no statistically significant differences from the other groups, the LaserCUSING group with annealing showed statistically lower bond strength than the milling group. This result could also be related to the effect of the annealing process on the mechanical properties of CoCr dental alloys. Ayyıldız et al. revealed that hardness values in CoCr dental alloys increased after the annealing process of the alloys fabricated using the laser sintering technique (6) . However, both of the laser sintering groups used in the present study didn't show the similar results when compared to the milling group. In the SEM images, minor variations between the two laser sintering methods also could be seen. According to the SEM images, the metal surface of LaserCUSING method had thinner lamination marks and smoother surface than the metal surface of DMLS. These differences between two laser sintering methods might be attributed to the different specifications such as lamination thickness, Yb-fiber laser power used for fabrication of CoCr alloys with different laser sintering machines. Additionally, the difference in test results between two laser sintering methods could be attributed to the suffusion capacity of the primer agent on the metal surface. The primer agent could be suffused easily on the surfaces of CoCr alloys fabricated with DMLS contrast to the LaserCUSING method due to the difference in the thickness of the lamination marks. The limitation of this study is that no ageing procedures, such as thermal cycling, were applied to the specimens. As revealed in previous studies, metal-resin bonding is affected by thermal cycling and the effect was the same for all tested metal-resin systems (22, 25) . As the purpose of this study was to evaluate the effects of fabrication techniques and the annealing process on metal-resin bonding, the hypothesis would not change if thermocycling had been applied. In addition, clinical studies are needed to evaluate metal-resin restorations and further in vitro studies should be conducted regarding the mechanical and physical properties of metalresin restorations fabricated by the LaserCUSING technique.
Conclusion
Within the limitations of this in vitro study, the present results showed that the fabrication techniques affected the SBS between the CoCr alloy and composite veneer resin. The results also showed that the annealing process differently affected the SBS of metal-resin restorations manufactured by the DMLS and LaserCUSING techniques. While the annealing process had no effect on metal-resin bond strengths in restorations fabricated by DMLS, it had a decreasing effect on those fabricated by the LaserCUSING technique. Furthermore, the LaserCUSING technique seemed to be less promising for the fabrication of metal-resin restorations than the other fabrication techniques used.
